At present much interest is focused on solid elec trolytes, i. e. compounds where at least one ionic species is extremely mobile. In our laboratory we are carrying out an extensive study of sulfates with this property. Above 572 °C Li2S04 has a phase where the sulfate ions form a fee lattice. This phase can accomodate a small amount of impurity cations with a large radius such as K+ (1. c. *). The effect of such additions is very pronounced on mechanical properties while it is small on e. g. the electrical conductivity2' 3. From geometrical considerations one would expect impurity K-ions to be far less mobile than the Li-ions, while according to a study of the diffusion of impurity cations in Li2S04, the ratio between the diffusion coefficients for K and Li, DK/DLi, is about 0.68 at 600 °C and 0.43 at 850° (I.e .4).
We decided to measure the mobility of potassium as an impurity with the technique we had used pre viously to study the isotope effect in pure lithium sulfate 5. (The interpretation of an earlier attempt to study electromigration in such mixtures6 is not straightforward, since it is likely that the chosen composition, about 10% K2S04, falls into a twophase region.) Li04Na16SO4 has been included in our studies. with fee Li2S04 containing small amounts of K2S04 and one with Li0 4Na16SO4-in the hexagonal phase. Data for these experiments are quoted in Table 1 . The fact that the mechanical properties of Li2S04 are affected strongly by the addition of K2S04 can cause some trouble at the anode, which is supposed to slide down at the same rate as the salt is con sumed. If the salt becomes too soft, the anode tends to penetrate into the salt column, while if the salt is too stiff the contact can become bad between salt and anode, and either local overheating or mechani cal strain might break the platinum net with the result that the remaining part of the anode (a gold tube that held the net) penetrates down into the salt.
(This latter occurred in the present experiments no 15, 16, 19, 21.) Experim ental A melt of the desired composition was allowed to solidify in a U-shaped cell5, see Figure 1 . A plati num net served as the anode and molten lead as the cathode. After quenching, the salt was divided into samples for which the Li and K contents were deter mined by means of atomic absorption spectrophoto metry. We made 6 electromigration experiments Reprint requests to Dr. A. Lunden, Department of Physics, Chalmers Institute of Technology, Göteborg/Schweden.
Calculation of Mobility Differences
The evaluation of the experiments is based on considering transport across an arbitrarily chosen cross-section, situated at a position where the com position remains unchanged during the whole ex periment 6' 7. For the volume between this crosssection and the anode, the analysis carried out after the electromigration gives the amount Ni of component i. One also needs to know the amount present initially, A;0, in order to calculate the change ANi = Ni -Ni°. There can be some uncertainty con cerning /Vj°, if the liquid salt has not been quenched rapidly enough to avoid segregation during solidifi cation. If one thus actually starts with an inhomo geneous distribution, diffusion tends to smear out the inhomogeneities, while electromigration has two effects: in the regions near the electrodes it tends to enrich some component, and in the main part of the cell it will shift the position of existing inhomo geneities. When we decided to use the present method of filling the cell (An alternative would be to press slabs, check the composition of each one, and then stack them. This procedure would be tedious, and it has other disadvantages too.), we as sumed that we would get an approximately homo geneous composition over large parts of the cell, and we did get this for a blind run. The "practical range of enrichment" 7 is (ti D t)* where D is the diffusion coefficient and t the duration of the experi ment. Accordingly, for our experiments we needed to consider composition changes only within a couple of cm from the anode. By determining after the run the composition not only in this part but also in the rest of the cell, we attempted to estimate how much stratification there was initially present within the cell.
Each cell was divided into about 20 samples. The result of the cation analysis is summarized in Table 1 , where we compare the part close to the anode (A l), the main part of the narrow tube (A2) and the wide tube (C), cf Figure 1 . For each part we quote only the highest and the lowest content of solute (K for no. 1 5 -2 0 , Li for no. 21). In the wide tube (C) large differences could be found be tween adjacent samples. It is possible that the rather complicated cathode reactions 8 caused some changes in composition during the electrolysis. Also, a se gregation of the obtained order can be expected from the steep slopes of the phase diagram2. Con cerning the main part of the narrow tube we find not only that the variation in composition is less than in tube C, cf Table 1 , but also that for most runs the composition showed long range trends over a number of samples. These observations lead to the conclusion that, as expected, segregation effects during solidification were much less severe in this part of the cell than in the wide part, and that in the narrow tube there existed regions where com position changes during the electromigration period can be neglected. After thus finding that the basic assumption for evaluating the experiments is ful filled, our interest is concentrated on region A l. In all experiments but one the lowest solute concentra tion was found in the sample just below the anode, while in the remaining one (no. 19) the minimum was instead found inside the hollow anode. (The anode penetrated into the salt column for runs no. 15, 16 and 19.) For two runs (15 and 16) samples located inside the anode showed a higher solute concentration than the average one. Since the salt trapped inside the anode had been affected by elec tromigration only during part of the experiment, Table 1 . Electromigration in fee Li2S04 with K2S04 as impurity (no [15] [16] [17] [18] [19] [20] and in hep Li0 4Nat 9S04 (no 21). The relative difference in mobility, Ab/b, is calculated for two different assumptions regarding the initial composition in the region near the anode, namely that the solute concentration was the same as (I), or larger than (II) the average for the whole cell. b numbered in sequence with previous experiments 9. c highest content in top sample found inside the anode tube.
these samples should give a clue to the initial con centration at the very top of the salt column. If this salt solidified last, we would expect an above-average concentration of solute at the top. From these ob servations one concludes that the initial solute con centration in part Al was either close to the average one or somewhat higher, and that the low concen trations found afterwards at the anode are a strong indication that the solute cations migrated faster than the abundant ones. The mobility difference Ab/b was estimated for two different assumptions; that is the initial composition of the samples near the anode was supposed to be I the average composition in the whole cell (ex cept for run 15, where a part of tube A was taken as the reference), II the highest concentration of K found in any sample.
The results, see Table 1 , can be summarized in the following way. In the range 0.1 to 0.8 equiv. % K (exp. 1 5 -1 8 ) the mobilities of Li and K are nearly equal, with an indication that 6k might be slightly larger than bu . The results for no. 19 are a little more uncertain, which partly is due to the fact that the transported charge was lower for that experiment. For a mixture with somewhat more than 1% K+ it seems as if 6k can be up to about 10% higher than bu (exp. 20). (This might be fortuitus but it points in the same direction as the large mobility differences observed at about 7% K+, exp. 13 and 14,1. c. 6).
Concerning the experiment with Li04Na16SO4, it seems obvious that is significantly higher (about 55%) than .
Discussion
A comparison of relative cation mobilities in hep Li0 4Na16O4 and in fee Li.2S04 (K) gives an indi cation that the mobility of impurity ions is enhanced in solid sulfate systems, since in both systems the diluted ion (Li in hep Li04Na16SO4 and K in fee Li2S04) has a higher mobility than the abundant one. This would suggest that the situation in solid electrolytes could be opposite to that in melts, where the mobility of an ion is reduced when it becomes diluted. After this comment on the experiment with hep Li0 4Na16S04 , we shall devote the rest of the discussion to fee Li2S04 (K).
In ordinary solids the concentration of available lattice vacancies is small, but in fee Li2S04 there is a large excess of possible cation positions. To each sulfate ion there correspond two tetrahedral and one octahedral position9. The latter positions are larger than the former, and in fact there seems to be adequate space for two lithium ions in the same octahedral position3. It has previously been sug gested 3' 9 that a very large fraction of the lithium ions is in tetrahedral positions, leaving nearly all the octahedral ones vacant. From studies of diffusion in Li2S04 doped with MgS04, however, it seems more likely that most of the lithium ions are in octa hedral positions 10' n , and some additional support of this model has been obtained by computer calcu lations of potential energies for a simple model10. It has also been estimated, that at 600 °C something like 20% of the lithium ions are in activated states 10. Let us consider a model with two types of sites, of which most of the a-sites are occupied by cations and most of the /?-sites are vacant, without speci fying whether a stands for tetrahedral or octahedral sites. From geometrical considerations it seems evident that a transition between two sites of the same kind can take place only via a site of the op posite type, which thus serves as an intermediate position. In the case of fee Li2S04 there seems to be space for potassium ions only in octahedral posi tions (which, however, hardly have room for both a K+ and a Li+ ion)* and from such geometrical considerations one might expect the potassium ion to be fairly immobile. On the other hand, the ex periments show that it is very mobile. This ap parent contradiction can, at least in part, be re moved by remembering that strong rotational oscil lations must be expected for the sulfate groups, as already pointed out by Forland and Krogh-Moe9. In their discussion of the rather high diffusivity of monovalent anions (halides) in fee Li2S04 Kvist and Bengtzelius consider the sulfate ions to act like cogwheels 13.
t With increasing temperature a larger fraction of the ^-sites becomes occupied by Li-ions, i. e. an unsymmetrical distri bution of cations becomes more common. Since we expect the presence of K-ions always to be correlated with an unsymmetrical distribution, we might here have an ex planation why thermomigration tends to enrich impurity K+ at the hot side 12. It should perhaps be mentioned that the duration of the present experiments was too short to allow much of a contribution from thermomigration to the obtained separation. The thus neglected contribution from thermomigration would be in the opposite direction of the observed electromigration in tube A.
The relation between the mobility b+ and the dif fusion coefficient D+ of the monovalent cations of a pure salt with zero anion mobility can be expres sed by means of the Nernst-Einstein factor tt a+ = (R T/F) (b+/D+) (1) where b+ = A/F, A is the equivalent conductivity, T the absolute temperature, R the gas constant and F the Faraday constant.
If there are several monovalent cationic species (i) present, one can, in analogy with Eq. (1), intro duce the factors «i= (RT/F) (bi/D{) (2) where 2 x {b[ = A/F
and x\ the molar fractions. By combining self-diffusion and conductivity measurements in pure lithium sulfate 14 one obtains that the Nernst-Einstein factor a+ of Eq. (1), here called a jj, increases from 1.1 to 1.4 in the tem perature range 600 -800 °C. The present experi ments show that 6k is approximately equal to bl; , at least for 0.001 < x K< 0.008, see Table 1 , and in this concentration range the conductivity is only slightly lower than for pure Li2S04 (1. c. 2' 3) . From Eq. (3) it follows that for these mixtures bu is ap proximately equal to A/F, and we thus obtain a value for bk that can be inserted in Eq. (2) together with the diffusion coefficients4. The result is that oer = 1.9 at 650 °C if bK = bLi and aK = 2.0 if Ab/b = -0 .0 5 . While aLi (1.2 at 650 °C) should give information on the transport mechanism, (It is found that the vacancy mechanism is dominant, but that there is also some contribution from a ring mechanism n .) ,we cannot interpret c*k in the same conventional way.
Instead of calculating a^ and cer one could com pare the Ab/b of Table 1 with an estimated relative difference in diffusion coefficients
at the average temperature of the electromigration experiments. To our knowledge, the only cases for which both electromigration mobilities and dif fusion coefficients for the two cations have been measured over the whole concentration range are for the two molten systems LiN03 -KN03 (1. c .15) and NaN03-K N 0 3 (I.e .16). After recalculating tt While some authors define the Nernst-Einstein factor as we have done here, others prefer to consider 1 /a, which often is called the Haven ratio.
the reported external mobilities (measured relative to the strip that contained the melt) to internal ones, one obtains that the ratio (b jb 2) / (Dx/D.2) where subscript 1 stands for the light cation and 2 for the heavy one, depends on both the composition of the mixture and the temperature. The numerical values of this ratio for these two molten systems fall be tween 0.47 and 0.97, while for our solid Li2S04 {bjb2) /{D JD2) =0.59. This similarity might be fortuitous, since there is much evidence that the transport mechanism in a melt is quite different from that in a solid, and it is only in the solid that it seems safe to talk of fairly well defined cation positions. At least for a solid, one would expect that relative electromigration mobilities of different cation species can be predicted from a comparison of their diffusion coefficients, but this assumption seems to be violated by the present experiments. There is, however, a certain possibility that this is only apparent, and that &k is strongly dependent on the concentration in the range below 0.1%. In fact, the samples analysed in the diffusion experiment contained between 0.006 and 0.1 mole %K. Experi ments with solutions of Na2S04 or AgoS04 in K2S04 (I.e .17' 18) indicate in both cases that the solute ions occur in pairs. (In the latter case the pairs were, however, dissociated for Ag+ concentra tions less than one per cent.) It is possible that some kind of inhomogeneous distribution of solute ions occurs also in the present case, where the solute ion is larger than the abundant cation. Before looking for an explanation for any concentration dependence of &k 5 its existence should be con firmed by measuring Dk and Ab/b over the same concentration range.
It is normally not expected that an external elec trical field of the strength used in electromigration experiments has any influence on the atomic trans port m e c h a n ism i. e. that such a field could en hance the mobility of the solute K+ ions. Let us, however, follow the practice of the Wirtz model for § Dicave and Emery 19 claim that the presence of a tempera ture gradient increases the diffusion coefficient in liquid systems. Since this would violate the basic assumptions of the current interpretation of transport phenomena, we have chosen to make a check in a system where convection can not be present, namely a solid salt, bcc Agl. We found no evidence in support of their statement20. Furthermore, Korsching (priv. com.) has recently found for a liquid mixture (n-heptan -n-hexadecan) that thermomigration experiments give the same diffusion coefficient as isother mal determinations do.
thermomigration and divide the activation energy of the jump process in three parts, corresponding to the initial site (H0), the intermediate position fHj) and final site (Hf). It seems more likely that an external field can affect the situation at the inter mediate position (which in our case might involve a tetrahedral position as well as the saddlepoints that separate this position from the initial and final octahedral positions; the cogwheel model, which as yet is only qualitative, might change this picture of the "intermediate position" somewhat) than that it has any influence on either H0 or H f. If the acti vation energy actually is influenced by an external field this could possibly be checked by studying if Ab/b is influenced by the current density or by com
